Object. The achondroplastic spinal canal is narrow due to short pedicles and a small interpedicular distance. Compression of neural structures passing through this canal is therefore regularly encountered but rarely described. Symptomatology, radiological evaluation, and treatment of 20 patients with achondroplasia who underwent decompression of the thoracic spinal cord are described and outcome is correlated with the size of the spinal canal and the thoracolumbar kyphotic angle.
A chondroplAsiA is characterized by dwarfism due to short extremities and by craniofacial and vertebral anomalies. 15 The disproportionate growth is due to skeletal malformations caused by a disturbance of the primary cartilage ossification. 10 This disturbance results in a diminished longitudinal growth of the long bones of the extremities and an appreciable shortening of the skull base, with narrowing of the foramen magnum. There is also an abnormal contour of the calvaria in these patients, with a prominent forehead as the most striking feature.
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There are several characteristics of the achondroplastic spine that make the spinal canal narrow throughout, and increase the chance that compression on the spinal cord or the cauda equina will occur. The pedicles are short in these patients, particularly in the thoracolumbar region, and there is a reduction of the interpedicular spacing of the lumbar vertebrae, which in contrast to regular spinal anatomy dimensions is progressively smaller in the caudal direction. 7, 23 In addition to these reduced interpedicular distances, pedicular thickening has been described in these patients, which adds to the narrowing of the spinal canal.
14 This congenital narrowing of the canal, which is most prominent in the lumbar region, can result in intermittent neurogenic claudication complaints. The majority of achondroplastic patients who visit our clinic for surgery do have these complaints, and we regularly perform an interlaminar medial facetectomy (interapophyseolaminar decompression). 25 However, there are also patients with achondroplasia who complain about deterioration of their walking pattern, in combination with features that suggest lower spinal cord compression. In these cases, com-pression is often present in the lower part of the thoracic spine, near the lumbar region, and is due to degenerative narrowing of the spinal canal because of facet hypertrophy, yellow ligament hypertrophy, and/or disc degeneration. Achondroplastic patients with thoracic spinal cord neurological symptoms are rarely described in the literature (see discussion), and the focus is primarily on the kyphotic nature of the thoracolumbar spine, with the suggestion that kyphosis is compromising the thoracic spinal cord. The indications for surgical decompression are disturbances of gait and/or the presence of pain, cramps, spasms, or incontinence.
The symptomatology, radiological features, treatment, and clinical outcomes of 20 patients who underwent a total of 25 decompressive thoracic interventions in our clinic in the past 15 years is described. The thoracolumbar angle was assessed to evaluate whether it was correlated with outcome after surgery. We also determined whether the size of the spinal canal was also correlated with outcome after surgery.
Methods

Patient Population
The study population described in this paper consisted of patients with achondroplasia who were consecutively operated on in our clinic for a compressed thoracic spinal cord. Patients were referred to us with complaints or signs of spinal cord compression affecting the lower extremities. Twenty patients (10 men and 10 women) received 1 or more decompressive interventions of the thoracic spinal cord between 1994 and 2009.
Diagnostic Criteria
The clinical and radiological criteria of spinal cord compression are summarized in Table 1 . The clinical presentation of the patient was evaluated to correlate with the radiological examination results.
Surgical Procedure
The surgical procedure was performed under general anesthesia with the use of loupe magnification. Patients were positioned in a knee-elbow position or prone. The exact level of interest was preoperatively marked with a methylene blue injection in the neuroradiological department, or the level of interest was determined using perioperative fluoroscopy. In some cases the level of interest could be identified by the scar tissue from an earlier surgical intervention. In patients with achondroplasia, the level of interest is often even more difficult to establish because these areas are often adipose, which makes fluoroscopy difficult to interpret and the percutaneous palpation of the spine challenging.
In most cases, the complete arch was removed (laminectomy), but if the compression was only present over a short trajectory at the caudal portion of the arch, decompression between the arches was performed. In both types of surgery a bone decompression was performed using a high-speed drill, similar to the interapophysiolaminar decompression described for lumbar stenosis in achondroplasia, 25 because in the thoracic spine of the achondroplastic patient the pedicles are also short and the interpedicular distance is also decreased. It is noteworthy that the lateral recess in achondroplastic patients is deeper than expected, due to the smaller interpedicular distance. This deep lateral recess makes the use of the high-speed drill necessary to remove the bone without compressing the thecal sac (which one would complete using only the rongeur). It is only after the drilling of the medial facets that the ligamentum flavum is carefully incised and removed with the use of the 1-and 2-mm Kerrison rongeur. The facet joints are carefully undercut to widen the nearly obliterated lateral recess.
In the thoracic spine it is particularly important to adequately remove the ligamentum flavum from the caudal portion of the most rostrally compressing arch. Again, if the compression exists over too long a trajectory, a laminectomy should be performed. A decompression was judged to be sufficient if the dural sac moved posteriorly. If the dura is adequately decompressed, liquor pulsations appeared.
Postoperative Evaluation
Patients were observed carefully for movement and sensibility of the lower extremities. If the movement was worse and if patients complained about pain in their legs, follow-up MRI was performed. If the clinical condition was comparable to or better than their preoperative condition, patients were encouraged to get out of bed the same day and perform physiotherapy-guided exercises. The occurrence of complications was noted in the clinical report.
Follow-up Examination
The pre-and postoperative functional status was characterized by scores on the mJOA scale, Nurick scale, European Myelopathy scale, and Cooper myelopathy scale for lower extremities 17 ( Table 2 ). The Cooper myelopathy scale is designed to score upper and lower extremities, but we only used the score for lower-extremity function. To score patient satisfaction the Odom criteria 6 were assigned ( Table 2 ). The Odom scale originally described outcomes associated with cervical discectomy 6 but was used in later years to describe outcomes associated with a variety of surgical interventions. The use of the Odom scale is limited by its reliance on an observer's interpretation of the patient's clinical status.
Both the Cooper and Odom scales assess improvement using a qualitative scale. The rating is often performed by an individual other than the patient, often the treating physician, although in this study it was performed by 1 of the authors (C.V.L.). All of these scales were scored using the notes in the clinical report.
Statistical Analysis
The means of all parameters are given with standard deviations (mean ± SD). Paired Student t-tests were applied to the outcome scale scores to compare the values before and after surgery. Linear regression analysis was performed to correlate the kyphosis, anteroposterior, and interpedicular diameter and the product of the anteroposterior and interpedicular diameter of the spinal canal to the difference of the myelopathy outcome scales. The SPSS statistical program (version 17.0; SPSS Inc.) was used to calculate means and SDs, and to perform comparative analyses. Probability values of < 0.05 were considered statistically significant.
Results
Twenty patients (10 men and 10 women) underwent decompression of a limited number of compressed levels of the thoracic spinal cord between July 1994 and July 2009. Fifteen of these patients had previously undergone operations on the lumbar spine, and 1 patient had previously undergone a surgical intervention of the cervical spine ( Table 3) . The age at the time of surgery varied from 21 to 67 years of age, with a mean of 51.2 ± 12.7 years.
Five patients received a decompression of the thoracic spinal cord for the second time in the time period studied. Three of those patients (Cases 8, 9, and 12) developed complaints of spinal cord compression again, years after the initial thoracic decompression, due to compression on another level, and were subsequently operated on at the new level of interest (Table 3) . Two patients (Cases 3 and 10) underwent reoperations on the thoracic spine at the originally intended level after the wrong level was decompressed initially (see postoperative results below). The follow-up duration of the patients varied from 2 to 132 months (Table 4) , with a mean of 37.5 ± 40.8 months.
Preoperative Symptoms
The preoperative symptoms always included gait disturbances. In all patients the walking difficulties had a myelopathic nature, such as spastic walking, circumduction, and insecure walking due to gnostic sensibility disturbances. In Table 3 the preoperative Cooper myelopathy score for lower extremities is listed to indicate that the achondroplasia population that is discussed in this paper is one with significant gait disturbances. An important cause of this gait disturbance is that the majority (15 patients, 75%) also suffered from neurogenic claudication complaints requiring 1 or several surgical interventions. One of the patients was preoperatively wheelchair bound (Cooper Grade 4); 6 patients could not walk, although standing was possible (Cooper Grade 3); and 4 patients required the use of a cane or walker (Cooper Grade 2). Only 9 patients could walk independently, although 6 of them had previously undergone operations on the lumbar spine.
Fifteen patients (75%) had pain and/or spasms in the legs that could be attributed to spinal cord compression. Eleven patients (55%) had bladder dysfunction problems, and 4 (20%) also had fecal continence problems. There were no patients who suffered from spinal cord compression affecting the upper extremities, so no MR images were obtained of the foramen magnum or cervical spine.
Preoperative Radiological Evaluation
In all patients MRI of the thoracolumbar spine was performed, but in 3 patients the MRI could no longer be retrieved. Figures 1 and 2 demonstrate typical examples 
of spinal cord compression at the lower thoracic and midthoracic spine. Figure 1 demonstrates that this condition is often accompanied by stenosis of multiple lumbar levels compressing the cauda equina. Figure 2 demonstrates that thoracic spinal cord compression is often present at several levels. Careful examination of the MRI is needed to determine at which level the compression is so severe that surgical decompression is indicated. Preoperative MRI demonstrated myelomalacia on the level of surgical intervention in 12 cases and absence of myelomalacia in 3 cases. In the other 5 cases it could not be judged properly: in 2 cases due to the poor quality of the T2-weighted MR images, and in the other 3 cases because the MRI had been destroyed and could no longer be retrieved. As measured on MRI, the mean size of the spinal canal was small: in the anteroposterior direction the distance was 10.3 ± 1.3 mm, and the interpedicular distance was 13.0 ± 3.0 mm. In all cases, hypertrophy of the yellow ligament was present.
Thoracolumbar Kyphosis
The mean kyphotic angle of the thoracolumbar column was 22.6° ± 12.5°. The clinical notes for the majority of patients did not concern themselves with reconstructive spine surgery by internal fixation or have an indication for wearing an orthosis with respect to redressing the thoracolumbar angle. There were, however, 2 patients in * AP = anteroposterior; C-T/T-L = decompression of the cervicothoracic and thoracolumbar level at the age of 1 year; D = MR image destroyed; inter decomp = interlaminar decompression; IP = interpedicular; lamin = laminectomy; NA = not available. † At the site of maximum compression. ‡ A kyphotic angle is described. The patient was referred to us and had previously undergone a T11-L1 laminectomy 29 years ago.
whom this was specifically mentioned. One patient had a kyphosis of 63° in the thoracolumbar region and was prescribed an orthosis earlier. The orthosis, however, was judged by the patient to feel uncomfortable and the patient rejected wearing it. At the time this paper was written, the kyphosis in this patient had not deteriorated (Fig. 3) . Another patient was referred to us with complaints of spinal cord compression due to compression at the level of T-10 after a T11-L1 laminectomy had been performed 27 years previously. The patient was also described to have a kyphotic angle in the thoracolumbar area. However, radiographs for this patient were destroyed and not available. A spondylodesis was offered, but refused by the patient. The patient already suffered from significant myelopathic symptoms, but these did not worsen after surgery.
Postoperative Results
Twenty-five procedures were performed (Table 3) . A laminectomy was performed in 18 cases, and an interapophyseolaminar decompression was performed in 7 cases. One patient suffered from a dural tear, which did not result in postoperative problems, and 1 patient developed a urinary tract infection.
Eighteen procedures resulted in neurological improvement after surgery (mean follow-up 38 months). In the comparison of the pre-and postoperative ranking scales, a statistically significant improvement was observed on all scales in all patients (Table 4) . In cases in which a patient's condition did not demonstrate any amelioration after surgery, follow-up MRI was performed.
Three patients (15%) were operated on at the wrong level; in 2 of these patients (Cases 3 and 10) the clinical condition did not improve after surgery, and followup MRI demonstrated initial surgery at the wrong level. These patients underwent reoperations, and the level of interest was preoperatively marked with methylene blue. Another patient (Case 6, perioperative fluoroscopy) was scheduled to undergo a laminectomy at T3-5, and his condition ameliorated after surgery to Cooper Grade 2. Follow-up MRI after 1 year revealed that the laminectomy had been performed at T1-3, and that the T3-4 level was adequately decompressed, but the relative stenosis at T4-5 remained.
No correlation could be established between the thoracolumbar kyphotic angle and scores on the different myelopathy outcome scales (Table 5) . Neither was there a correlation between the size of the spinal canal and scores on the outcome scales.
Discussion
The outcome of thoracic spinal cord decompression in patients with achondroplasia was generally satisfactory. On an individual level, the patients' conditions showed amelioration on the myelopathy scales tested. Most patients judged the outcome as fair or good, and there were even 2 patients (10%) who judged their outcome as excellent. Moreover, it was demonstrated that the surgical intervention could be performed safely, albeit in experienced hands. It is important to realize that the benefits that can be achieved by decompressing the thoracic spinal cord are limited. This is in accordance with other spinal cord decompressive surgical interventions, of which the generally accepted outcome is a halt in the decline in the clinical situation, rather than an improvement of the clinical situation.
It was hypothesized that the thoracolumbar kyphotic angle, which was described to be increased in patients with achondroplasia, would play a role in thoracic spinal cord compression. However, the kyphotic angle that we measured was only approximately 20°. Reference values for the thoracolumbar angle could only be found in young patients with achondroplasia and varied from 20° to 50°. 5 It is obvious that the sagittal balance in those patients is severely disturbed, but it is questionable whether this leads to neurological symptoms. It was reported that This sagittal MR image nicely illustrates that compression of the lower thoracic spinal cord is often combined with multilevel cauda equina compression. In this case, the thoracic compression on both thoracic levels is related to the lamina in such a way that using an interlaminar decompression technique would result in a very small bone arch. It was therefore decided to remove the entire arch and perform a laminectomy instead of a decompression between the arches on 2 levels.
Fig. 2.
Example of spinal cord compression at a midthoracic level in a patient with achondroplasia. Compression of the spinal cord is maximal at T8-9, which is best demonstrated by the sagittal MR image on the left. The sagittal image on the right properly demonstrates that myelomalacia is present at this level. This MR image adequately illustrates that spinal cord compression is often present on multiple levels. The decision as to which level should be decompressed can be difficult. The axial MR images can be helpful or, in this case, the level at which myelomalacia is present. In these cases a laminectomy is often preferred over an interlaminar decompression technique to accomplish a decompression on 2 levels.
patients with achondroplasia and thoracolumbar kyphosis greater than 20° had neurological symptoms, and a correlation between the angle and the symptoms was suggested.
11 Our results do not support these findings. In the 2 patients in our group with a significant kyphotic angle, in whom a laminectomy was performed and who refused instrumentation, the clinical symptoms did not deteriorate after surgery (mean 38 months follow-up). This result is in contrast to a warning given in the literature that additional spondylodesis is inevitable if a laminectomy is performed on the thoracic spine with a kyphotic angle greater than 40°. 26 Nevertheless, we consider it important to evaluate the thoracolumbar angle and to carefully evaluate progression in the angle in achondroplastic patients who suffer from thoracic spinal cord compression. Future research should focus on sagittal balance, and the pelvic incidence of patients with achondroplasia with and without thoracic spinal cord decompression should be compared. The role of intraoperative monitoring in these keyhole decompressive surgical interventions remains to be elucidated, and future research may also focus on that issue.
As stated in the introduction, the spinal canal decreases in size upon degeneration due to facet hypertrophy, flavum hypertrophy, and degenerative disc disease. This may be held responsible for spinal cord compression, particularly in the achondroplastic patient, who has a narrow spinal canal by nature. We measured an anteroposterior diameter of 10 mm and an interpedicular diameter of 13 mm, which is slightly smaller than values reported in the literature (anteroposterior diameter of 11 mm and interpedicular distance of 14-15 mm ). The narrowing of the canal may very well explain progressive compression of the thoracic spinal cord and be a more important causative factor than the thoracolumbar kyphotic angle.
Achondroplastic patients with thoracic spinal cord neurological symptoms are rarely described in the literature. There are 3 case reports from the 1950s and 1960s, 24 describing 2 patients whose condition deteriorated after surgery and 1 patient improving after an initial deterioration. However, the surgical techniques in those years cannot be compared with those used now. A systematic review of PubMed (1975 to January 2010) revealed 6 articles on this subject in adult patients with achondroplasia, 4 of which focused on correction of kyphosis: 2 only summarized literature, 13, 16 and in the 2 other articles 3
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and 4 19 patients with severe thoracolumbar kyphosis of approximately 90° were discussed. One article described a mixture of thoracolumbosacral decompressions, 18 and their conclusions coincided well with our conclusions that long-term results are mixed and that the need for fusion surgery was very limited. The last article 8 described 5 patients in which 4 or more levels were decompressed at the thoracolumbar junction, resulting in diminished pain and improvement of motor paresis in the postoperative years.
Thoracolumbar compression in infants with achondroplasia was described more often; 5 case reports 1, 9, 12, 20, 27 and 7 articles [2] [3] [4] 6, 17, 21, 28 were found. All of these articles focus more or less on the kyphotic nature of the thoracolumbar spine in achondroplasia and suggest a relation between this kyphosis and thoracic spinal cord compres- Fig. 3 . Example of thoracolumbar kyphosis in a patient with achondroplasia. The thoracolumbar angle is 63° and reported to be constant over at least 25 years. Compression of the spinal cord was maximal at T-8, as diagnosed using MRI. The patient subsequently received a laminectomy at T-8. The overview of the spinal column is the result of sequential sagittal radiographs of the cervical, thoracic, and lumbar columns that were reconfigured into a single-image overview.
sion. However, no follow-up over time is demonstrated, and no therapeutic solutions are provided in these articles.
One of the pitfalls of this surgical intervention is performing surgery at the level of interest. In this group of 20 patients, 3 (15%) underwent operations at the wrong level. There was no clear relation between the wrong level and the technique by which the level was indicated. The optimum approach appears to be the combination of a methylene blue injection and perioperative use of fluoroscopy. However, if a lightweight, easily moveable, and good image quality C-arm is available during surgery, fluoroscopy alone is considered sufficient. Our results demonstrate that it is very important to perform postoperative MRI if the patient's condition does not ameliorate after surgery. It is essential to confirm whether the level of interest was decompressed.
Conclusions
From the results of this study, we conclude that there certainly is an indication for decompressive surgery of a narrow thoracic achondroplastic spine in the case of symptoms of spinal cord compression affecting the lower limbs. The narrowing of the canal is largely due to degenerative changes of the spinal canal, and the thoracolumbar kyphotic angle is a significant factor. The surgical intervention can be performed safely in experienced hands and will result in stabilization or slight improvement of the clinical condition. * All data given as p value (95% CI of the intercept).
